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Abstract: Human CD157/BST-1 and CD38 are dual receptor-enzymes derived by gene duplication 
that belong to the ADP ribosyl cyclase gene family. First identified over 30 years ago as Mo5 myeloid 
differentiation antigen and 10 years later as Bone Marrow Stromal Cell Antigen 1 (BST-1), CD157 
proved not to be restricted to the myeloid compartment and to have a diversified functional 
repertoire ranging from immunity to cancer and metabolism. Despite being a NAD+-metabolizing 
ectoenzyme anchored to the cell surface through a glycosylphosphatidylinositol moiety, the 
functional significance of human CD157 as an enzyme remains unclear, while its receptor role 
emerged from its discovery and has been clearly delineated with the identification of its high affinity 
binding to fibronectin. The aim of this review is to provide an overview of the immunoregulatory 
functions of human CD157/BST-1 in physiological and pathological conditions. We then focus on 
CD157 expression in hematological tumors highlighting its emerging role in the interaction between 
acute myeloid leukemia and extracellular matrix proteins and its potential utility for monoclonal 
antibody targeted therapy in this disease. 
Keywords: CD157/BST-1; myeloid cells; stem cells; cyclic ADPR; cell adhesion; acute myeloid 
leukemia; therapeutic defucosylated monoclonal antibody; MEN1112/OBT357 
 
1. Introduction 
CD157 is a glycosylphosphatidylinositol (GPI)-anchored glycoprotein, discovered over three 
decades ago and originally designated as Mo5 myeloid cell differentiation marker [1]. Subsequently, 
in the VI Workshop on Leukocyte Differentiation Antigens, Mo5 and the molecule recognized by the 
RF3 anti-Bone Marrow Stromal Cell Antigen 1 (BST-1) monoclonal antibody were grouped together 
and designated as CD157 [2]. The human BST1 gene maps to chromosome 4p15.32, adjacent to its 
paralog CD38 with which it forms part of the ADP ribosyl cyclase (ARC) gene family [3]. Comparative 
gene analysis revealed a striking exon-intron structural similarity between BST1 and CD38, 
indicating that the two genes evolved by duplication from an ancestral gene before the divergence of 
humans and rodents [4]. Following duplication, the two genes went their separate ways and diverged 
in structure and sequence under the influence of mutation, selection and drift [3]. Human BST1 was 
cloned in 1994 and one BST1 transcript was identified which encoded the canonical CD157/BST-1 
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protein of 318 amino acids [5]. Recently, our laboratory described a second CD157/BST-1 transcript 
which encompasses an additional exon interposed between exons 1 and 2 of the BST1 gene (Figure 
1). This 10-exon transcript encodes a protein of 333 amino acids, named CD157-002. This 
serendipitous finding revealed that human CD157 is so far the only member of the ARC gene family 
regulated by alternative splicing. The two transcripts appear to be generally co-expressed, although 
the CD157-001 transcript is usually far more highly expressed [6]. 
Figure 1. Alternative splicing of human BST1. The revised structure of human BST1 consisting of 10 
exons [6]. Skipping of exon 1b by alternative splicing yields the canonical CD157-001 isoform of 318 
aa whereas inclusion of exon 1b adds 15 aa in-frame to the polypeptide, yielding the CD157-002 
isoform of 333 aa. 
Human BST1 variants have been described with four single-nucleotide polymorphisms (SNPs) 
identified as risk factors for sporadic late-onset Parkinson’s disease (PD) in a Japanese GWA study 
[7], and in the Northern Han Chinese population [8,9], while this finding remains controversial in the 
European population [10,11]. Moreover, three possible risk SNPs for autism spectrum disorders 
(ASD) were identified in a Japanese population [12]. However, these variants were not found 
significantly associated with ASD or with the severity of the disease in the Han Chinese population 
[13]. It is conceivable that clinical and genetic heterogeneity of ASD and PD and the complexity of 
their inheritance patterns may justify variable distribution of these SNPs in different ethnic 
populations. Although the causal link between the BST1 SNP and brain diseases remains unclear, 
functional implications of CD157 in the pathophysiology of several neurologic disorders are 
supported by the observation of partially deleted BST1 and CD38 genes in an ASD patient [14] and 
by the impaired social behaviors associated with anxiety and depression occurring in Bst1 knockout 
mice [15]. Since CD157 is expressed in mouse brain, especially during embryonic development, it has 
been speculated that it might be involved in the processes of neuronal development that relates to 
neurologic disorders such as PD and ASD [16]. 
2. CD157 Protein Structure and Tissue Distribution in Health and Disease 
The CD157 protein contains four predicted N-linked glycosylation sites in the extracellular 
region [17] facilitating the folding of the nascent polypeptide chain into a conformation fitting 
intracellular transport and enzymatic activity. The molecular weight of CD157 ranges between 42–50 
kDa, according to its heterogeneous glycosylation patterns [18,19]. Dimeric forms of CD157 were 
detected when the protein was exogenously expressed at high epitope density in MCA102 and CHO 
fibroblasts [20]. 
In addition to the GPI-anchored form, a soluble form of CD157 is detected in serum and other 
biological fluids. Very high levels of soluble CD157 were reported in the sera of patients with 
rheumatoid arthritis compared to healthy controls [21]. Elevated soluble CD157 was also found in 
pleural effusions from patients with malignant pleural mesothelioma compared to patients with 
other cancer types or benign pathologies [22]. Recently, the concentration of soluble CD157 was found 
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to be significantly increased in pleural fluid obtained from tuberculous pleurisy patients with respect 
to patients with pneumonia or lung cancer [23]. 
CD157 can be shed either as a soluble protein, generated by proteolytic cleavage of the 
membrane-bound form, or as an exosome-anchored protein. CD157 was found to be expressed by 
exosomes released by myeloid-derived suppressor cells [24] and by mesothelioma cells, both in vitro 
[25] and in vivo [22]. The functional role of soluble CD157 remains to be defined. 
As stated in the pioneering studies performed by Todd et al. in the 1980s, in the human 
hematopoietic system CD157 is prevalently expressed by cells of the myelomonocytic lineage [1,26]. 
In normal hematopoietic cells, CD157 is expressed at low levels throughout neutrophil maturation, 
its expression level progressively increasing at the later stages of maturation, from the promyelocytic 
stage onwards [27]. CD157 is also expressed in myeloid-derived suppressor cells, which expand 
during chronic and acute inflammatory conditions [28] and in patients with myeloid hematological 
malignancies [29]. CD157 is not expressed in early CD34+ monocytic precursors but it becomes clearly 
expressed in early stage of maturation characterized by low expression of CD36, and strongly 
expressed in the more mature CD36high monocytic cells [30] and in macrophages [31]. However, 
increasing evidence shows that CD157 actually has a broader pattern of expression than previously 
thought. Indeed, in addition to bone marrow stromal cells, vascular endothelium [5], and circulating 
endothelial cells [32], CD157 is expressed in several other cell types and tissues of both lymphoid and 
nonlymphoid origin [33]. The general picture that emerges from studies performed in humans and 
mice indicates that CD157 expression is not restricted to the myeloid compartment but extends to 
tissues of different origins, such as gut [34], lung [35], eye [36], blood vascular system [37], and brain 
[16]. Of note, its expression frequently marks cell stemness [38–40]. 
In hematological malignancies, low expression of CD157 was reported in the HL-60 acute 
promyelocytic leukemia cell line [41]; however, no data are available on the expression of CD157 in 
patients with this leukemia. CD157 expression in acute myeloid leukemia is described below (Section 
7). CD157 has been reported to play a role in disease progression in certain malignancies by 
regulating cell invasion and metastasis. Our group reported that CD157 is expressed in >90% of 
primary serous epithelial ovarian cancer [42] where high CD157 expression correlates with increased 
tumor aggressiveness [43], promotes epithelial-to-mesenchymal transition [44] and is an independent 
prognostic factor for overall survival [45]. CD157 is also expressed in >85% of malignant pleural 
mesothelioma, where high CD157 levels are associated in vitro with enhanced tumorigenic potential 
and with reduced sensitivity to platinum-based chemotherapy, especially in the biphasic histotype 
[45]. In several in vitro cancer models, CD157 knockdown was consistently found to hamper cell 
migration, adhesion and tumorigenic potential [33]. 
Although for a long time CD157 has remained the neglected member of the ARC family, in 
recent years, it has gained interest as the functional repertoire of CD157 has greatly expanded from 
immunity to cancer and metabolism, with a common thread of cell adhesion/migration and 
‘stemness’ connecting all functions [16,37–40]. 
3. CD157 Enzymatic Activity 
Human CD157 has generated much less interest as an enzyme than as a receptor, perhaps 
because its catalytic activity is rather poor [46], or because its original identification as a bone marrow 
stromal antigen supporting the growth of murine immature B cells in vitro drew immediate attention 
to its receptor activities [47]. However, subsequent experimental evidence demonstrated that human 
CD157 can convert β-NAD+ mostly to ADP ribose with trace amounts of cyclic ADP ribose (cADPR), 
indicating the presence of ADP-ribosyl cyclase, NAD glycohydrolase, and possibly cADPR hydrolase 
activities [48,49]. It is speculated that NAD+ might be released from lysed intracellular stores under 
conditions of cell stress or inflammatory stimuli. Convincing evidence for a biological role of CD157 
as an ectoenzyme arises from at least two experimental mouse models that are reliant upon cADPR 
generated by murine CD157, even though it may be produced in hormone-like concentrations. First, 
subnanomolar concentrations of extracellular cADPR are generated by CD157+ hemopoietic 
mesenchymal stromal cells; although insufficient to perturb intracellular Ca2+ concentrations, the 
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amount of cADPR generated was sufficient to exert a paracrine stimulatory effect on proliferation of 
hemopoietic progenitors during long-term culture [50]. Second, in calorie-restricted mice, cADPR 
was produced by highly CD157-positive Paneth cells and triggered intestinal stem cells to switch on 
maintenance rather than differentiation programs [40]. 
Unlike canonical CD157, CD157-002 proved to be devoid of NAD glycohydrolase activity in in 
vitro experiments, despite the two proteins having similar structural features, cell membrane 
localization, and specific antibody binding. The CD157 isoforms could also not be distinguished in 
their ability to act as adhesion proteins and signaling molecules [6]. Whether or not CD157 is involved 
in metabolic regulation in other tissues as well remains to be elucidated. To date, the biological role 
of CD157 enzymatic activity in humans remains enigmatic. 
4. CD157 Receptor Activity 
The capacity of CD157 to transduce intracellular signals in myeloid cells emerged long before it 
became a member of the ARC family and its enzymatic nature was established [5]. As they were 
dealing with an orphan receptor with an unknown non-substrate ligand, immunologists 
investigating the functions of CD157 took advantage of polyclonal and monoclonal antibodies (mAb) 
as surrogates of the natural ligand(s). Using this approach, it emerged that crosslinking CD157 by 
means of a specific polyclonal antibody induced tyrosine phosphorylation of a 130-kDa protein 
(p130) in the human myeloid cell lines U937 and THP1 [31], subsequently identified as focal adhesion 
kinase (FAK) [51]. Instead incubation of neutrophils with anti-CD157 mAbs inhibited their 
phagocytic activity and blocked the NADPH oxidase-catalyzed generation of superoxide in U937 
cells [52]. Our group demonstrated that CD157 ligation by specific mAbs promotes neutrophil 
polarization [53], pointing to a key role of CD157 in orchestrating leukocyte trafficking. Indeed, in 
neutrophils and monocytes CD157 modulates adhesion to the extracellular matrix (ECM), motility 
and transendothelial migration [53,54] through the activation of the MAPK/ERK1/2 and PI3K/Akt 
signaling pathways [43]. Engagement of CD157 in human umbilical vein endothelial cells increases 
intracellular Ca2+ concentration, which is instrumental for cytoskeletal actin reorganization which is 
thought to enhance interendothelial gap formation favoring leukocyte transmigration [55]. The 
contribution of CD157 to epithelial ovarian cancer progression relies on its ability to switch on a 
differentiation program that allows cancer cells to overlook the rules of epithelial tissue architecture 
and acquire mesenchymal features, required to advance in their malignant progression [44]. In 
malignant mesothelioma, CD157 exerts its pro-tumorigenic effects through the activation of the 
PI3K/AKT/mTOR pathway [45]. 
Despite the compelling evidence of its receptor role, CD157 lacks intracellular domains, 
therefore, it is structurally unfit to transduce signals by itself. However, like many other GPI-
anchored proteins, CD157 exploits its dynamic behavior in terms of diffusion, organization, and 
interactions with other membrane-spanning proteins to establish functional and structural cross-talk 
with transmembrane receptors. In particular, ligation by specific mAbs to CD157 expressed in 
leukocytes promotes its association with CD29 (β1 integrin) and CD18 (β2 integrin) favoring the 
organization of multimolecular complexes mediating outside-in signal transduction that regulates 
cell adhesion and motility [56,57] and promotes migration, osteogenic differentiation [58] and self-
renewal in human mesenchymal cells [39] (Figure 2). 
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Figure 2. Schematic representation of CD157-mediated intracellular signals. Binding of CD157 to 
fibronectin is instrumental to form a multimolecular complex with integrins and to promote the 
assembly of a network of interconnected intracellular signals eliciting short term and long term 
effects. 
A protective role against M. tuberculosis infection in mouse has been recently attributed to 
CD157. To accomplish this function, CD157 enhances the compartmentalization of TLR2 and 
PKCzeta, and selectively drives ROS production [23]. However, the downstream signaling pathway 
underpinning CD157-mediated ROS production remains unknown. 
5. CD157 and Its Nonsubstrate Ligands 
The identification of the key role of CD157 in cell adhesion to the ECM provided valuable 
insights into the biological mechanism responsible for the receptor functions of CD157 in 
physiological conditions and in selected pathological contexts. Using solid-phase immunoenzymatic 
and Surface Plasmon Resonance assays, we demonstrated that CD157 binds with high affinity to the 
N-terminal (HBD1) and C-terminal (HBD2) heparin-binding domains of fibronectin, as well as to the 
HBD of collagen I, fibrinogen, and laminin-1 [59]. This finding turned out to be crucial for 
understanding how CD157 acquires receptor functions. Indeed, fibronectin (as other ECM proteins) 
by virtue of its ordered domain organization, simultaneously interacts with multiple ligands - in 
particular, integrins and CD157—thus favoring the organization of multimolecular complexes 
mainly located in plasma membrane microdomains enriched with signaling elements. These protein 
complexes are instrumental for the delivery of optimal signals that regulate many cellular functions, 
including cell adhesion and migration. Consistent with this assumption, genetic knockdown of 
CD157 led to attenuated fibronectin-mediated activation of FAK, Src, and Akt tyrosine kinases and 
eventually affected cell adhesion and spreading [59]. 
In human mesenchymal stem cells CD157 interacts with integrin β1 or β2 thus generating a 
protein complex that acts as a receptor for the SCRG1(scrapie responsive gene 1) protein. SCRG1 is a 
soluble protein preferentially expressed in the central nervous system, associated with 
neurodegenerative changes observed in transmissible spongiform encephalopathies. The 
SCRG1/BST-1/integrin cross-talk maintains mesenchymal stem cell self-renewal and multipotency 
and promotes the migration of human bone marrow-derived mesenchymal stem cells during bone 
regeneration through the activation of the FAK/PI3K/Akt signaling pathway [58]. In mouse 
macrophages, the SCRG1/BST-1/integrin interaction has been reported to activate MAPK/ERK1/2 
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pathway thereby suppressing LPS-induced CCL22 (C-C Motif Chemokine Ligand 22) production 
[60]. However, the functional significance of this interaction in vivo remains to be clarified. 
The observation that CD157 expressed in bone marrow stromal cells supports the growth of pre-
B cells fostered the hypothesis of the existence of a membrane ligand expressed by pre-B cells, but 
this assumption has never been substantiated by experimental evidence [61]. 
6. Role of CD157 in the Innate and Adaptive Immune Response 
In the mouse model, several studies demonstrated that CD157 is transiently expressed by both 
B and T cell progenitors undergoing gene rearrangement of the antigen receptor [62], and that CD157 
is implicated in early B and T cell growth and development [63,64]. Further data pointing to an 
important role for CD157 in B lymphocyte development and migration is that the Bst1 gene has been 
identified as a target of the transcription factor Pax5, the B-cell identity factor, in murine pro-B cells 
[65]. PAX5 activation is implicated in the control of signal transduction from the pre-BCR and BCR, 
which constitute important checkpoints in B cell development, adding supportive evidence that 
murine CD157 functions during rearrangement of antigen receptor genes [66]. The expression pattern 
of CD157 in the rat differs from that in the mouse and rat CD157 is apparently not implicated in T or 
B cell development [67]. No defective B cell development was associated with Bst1 gene deletion, 
while humoral T-independent immune responses and the thymus-dependent antigen-specific 
mucosal immune responses after oral immunization were found to be deficient in Bst1 knockout mice 
[68]. There is currently no evidence that human CD157 is involved in B or T cell development. 
The findings that human CD157 is constitutively expressed in neutrophils, monocytes and 
vascular endothelial cells (mainly at interendothelial junctions) [26] were highly suggestive of 
CD157′s implication in the control of leukocyte trafficking. Our group has dedicated considerable 
effort to elucidate the role of human CD157 in the innate and adaptive immune response, 
demonstrating that CD157 plays a pivotal role in the control of neutrophil and monocyte trafficking. 
Our first studies performed using CD157-specific agonist (or blocking) antibodies as a surrogate for 
the ligand, showed that CD157 cross-linking in neutrophils elicited Ca2+ currents both of extracellular 
and intracellular origin, apparently not mediated by cADPR nor ADPR [53]. The amplitude of the 
signal proved dependent on the extent of cross-linking, corroborating the assumption that the 
redistribution of the protein on the membrane is crucial for the generation of signaling-competent 
microdomains. Moreover, CD157 clustering by specific antibodies regulates neutrophil and 
monocyte adhesion to ECM proteins, motility and transendothelial migration [53,54]. These 
biological functions rely on the formation of multimolecular complexes favoring structural 
juxtaposition of CD157 with β1- and β2-integrin, an essential requirement for conferring CD157 
receptor functions [57]. 
The discovery that CD157 binds with high affinity to the heparin binding domains located 
within fibronectin or other components of the ECM, finally assigned to CD157 the designation of 
adhesion protein, and unveiled how CD157 accomplishes its receptor functions in physiological 
conditions (e.g., leukocyte trafficking) and in specific pathological contexts (e.g., inflammatory 
diseases and cancer) [42,45,59,69]. 
7. CD157 in Hematologic Malignancies 
CD157 presents a restricted pattern of expression in hematological malignancies, being present 
only in B-cell precursors acute lymphoblastic leukemia and acute myeloid leukemia. 
7.1. B-Cell Precursor Acute Lymphoblastic Leukemia 
In B-cell precursor acute lymphoblastic leukemia, CD157 has been proposed as a diagnostic 
marker for disease monitoring. Indeed, Cell Surface Capture  technology highlighted that high 
CD157 expression levels discriminates tumor cells from normal B cell populations that are CD157-
negative, and may serve as an additional marker to improve residual leukemia cell detection and 
quantification at early treatment time points [70]. 
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7.2. Acute Myeloid Leukemia 
Acute myeloid leukemia (AML) is a clonal disorder of hematopoietic stem and progenitor cells 
that have lost the ability to differentiate into functional granulocytes or monocytes. It is characterized 
by accumulation of undifferentiated leukemia blasts showing cytogenetic and molecular 
abnormalities that causes alterations in cell self-renewal, proliferation, and differentiation. AML is 
the most common acute leukemia among adults, whose incidence increases with age with a 5-year 
overall survival rate of 40% for patients less than 60 years of age and only 10% for elderly patients 
above the age of 60 [71]. A majority of the patients with newly diagnosed AML achieve complete 
remission with intensive chemotherapy. However, approximately 60%–80% of patients relapse after 
frontline therapy within 3 years after diagnosis [72]. 
CD157 is expressed in 97% of AML patients at the time of primary diagnosis, regardless of the 
genetic profile, with remarkable inter-patient heterogeneity in expression levels (Figure 3A). Parallel 
to its high expression during monocytic cell differentiation, the highest expression of CD157 is 
associated with French American British (FAB) M4 and M5 (e.g., myelomonocytic and myelocytic 
leukemia) AML subtypes [17,73] (Figure 3B). In a small cohort of patients with AML, a correlation 
has been reported between high CD157 expression levels and the adverse prognosis group of patients 
according to the European Leukemia Net (ELN) classification-2017 [74], but not with NPM1 and 
FLT3-ITD mutational status [73]. Comparison of CD157 surface expression by flow cytometry in 
paired diagnosis and relapse AML samples showed it was stably expressed [73], suggesting that it 
may be a helpful marker for minimal residual disease detection. Albeit at lower extent than in bulk 
AML blasts, CD157 was also found to be expressed in CD34+CD38− leukemia-initiating cells [73], 
characterized by long-term repopulating potential, ability to propagate and maintain the AML 
phenotype, and believed to be the main cause for AML relapse [75]. 
 
Figure 3. CD157 expression in acute myeloid leukemia. A) Flow cytometry analysis of CD157 
expression performed with the PE-labeled SY11B5 monoclonal antibody, in 46 primary acute myeloid 
leukemia (AML) samples at diagnosis. Leukemic blasts were gated by using standard side scatter 
(SSC) low CD45dim. B) CD157 expression intensity in FAB AML subtypes in 23 bone marrow samples 
from patients with AML for which the FAB classification was available. Fluorescence was determined 
using a FACS Canto flow cytometer and analysed with FlowJo software (FlowJo, LLC). 10,000 events 
were analyzed for each sample. Geometric mean fluorescence intensity (MFI) values of CD157 were 
normalized to the MFI of the normal lymphocytes within each sample, which were negative for 
CD157. A total of 46 samples’ MFI ratios (MFI blast/MFI lymphocyte) were subsequently analyzed 
for CD157 expression intensity. Samples with CD157 MFI ratio ≥ 3.0 were regarded as positive. 
In recent years, the bone marrow microenvironment has been recognized to be a dynamic and 
complex living tissue that, in addition to important homeostatic roles in hematopoiesis, can aid and 
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abet neoplastic disease processes [76]. Accumulating evidence showed that the cross-talk between 
leukemic cells and both cellular and extracellular stromal elements in the bone marrow niche greatly 
influences leukemia progression and response to therapy [77]. Thus, deciphering these interactions 
has the potential to lead to the development of novel treatment strategies to overcome acquired drug 
resistance and prevent relapse after therapy [78,79]. 
In the past decades, various cell types were implicated for their roles in promoting leukemia 
maintenance, including perivascular stromal cells, endothelial cells, macrophages, fibroblastic 
CXCL12-positive reticular cells [77,80], all of which express CD157 [55,81–83]. These observations 
provided the rationale to address the biological function of CD157 in AML. Using a genetic approach, 
we got preliminary evidence that CD157 has a role in the interaction between leukemic blasts and 
ECM proteins. Indeed, shRNA knock-down of CD157 reduced THP1 and U937 AML cell adhesion to 
fibronectin, collagen type I, and fibrinogen, but not to vitronectin, which is not a CD157 ligand [59] 
(Y.Y., personal observation). Adhesion to fibronectin protects AML blasts from chemotherapy-
induced cytotoxicity, an effect known as cell adhesion-mediated drug resistance [84]. Of note, the 
fibronectin-mediated protective effect against cytosine arabinoside treatment proved to be stronger 
in CD157-positive than in CD157-negative U937 cells (S.A., personal observation), suggesting that 
CD157 has a role in facilitating leukemia cell interactions with extracellular matrix components and 
modulates the sensitivity of AML cells to chemotherapy, at least in vitro. 
These preliminary experimental data suggest that CD157 is critical for integrating adhesive 
signals from the environment, hinting to the potential clinical utility of CD157 as a therapeutic target 
in AML (Figure 4). Indeed, antibodies that target leukemia-niche interactions are exciting new tools 
that may be used to disrupt the molecular mechanisms that keep leukemic blasts and leukemic stem 
cells in their protective BM niche, making them susceptible to chemotherapy or immune attack. 
 
Figure 4. Schematic representation of the interaction between leukemic cells and bone marrow niche. 
A schematic view of the tumor microenvironment components is presented. AML cells are 
surrounded by a complex microenvironment composed of extracellular matrix (ECM) proteins and 
several cell types, including bone marrow stromal cells (endothelial cells, mesenchymal stromal cells, 
dendritic cells, macrophages, and immune cells). The cross-talk between AML cells and bone marrow 
stromal cells is regulated by different mechanisms: cell-to-cell adhesion between tumor cells and ECM 
components, or bone marrow stromal cells and soluble factors. These interactions activate several 
signaling pathways protecting tumor cells from chemotherapy-mediated toxicity (CAM-DR). The 
expression of CD157 on different cell types is indicated. 
8. CD157 As a Target for Therapy in AML 
AML has been so far challenging to treat with antibody targeted immunotherapy, owing to the 
lack of leukemia-specific surface markers; indeed, antigens expressed by AML cells are usually 
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shared by normal myeloid progenitors and differentiated myeloid cells. It is likely that there is no 
single optimal target for antigen-directed immunotherapy in a disease as heterogeneous as AML. 
Different immunotherapeutic modalities, including unconjugated, toxin-conjugated, and radio-
conjugated antibodies as well as multivalent formats are currently under development. These 
antibodies target various antigens in AML, including CD33, CD38, CD123, and CLL-1 [85–87]. 
CD157 represents a promising candidate as therapeutic target in AML, since it is broadly 
expressed in leukemic cells from peripheral blood and from bone marrow, both at diagnosis and 
disease relapse [73], and is implicated in leukemia-bone marrow niche interactions, thus offering 
multiple levels of targeting. 
Antibody-dependent cell cytotoxicity (ADCC) and antibody-dependent cell phagocytosis are 
key mechanisms of action exploited by many therapeutic antibodies to eliminate tumor cells. The 
efficacy of these mechanisms relies, at least in part, on low internalization rate of the target antigen 
[88]. The low internalization rate of CD157 once bound by specific antibodies hints to its suitability 
as target for ADCC. 
So far, the use of unconjugated antibodies eliciting ADCC in AML has not been successful, 
despite sensitivity of AML cells to NK-mediated cytotoxicity. This was demonstrated both in vitro 
and in patients treated with adoptive immunotherapy exploiting alloreactive NK cells [89,90]. One of 
the reasons why this approach fails is likely the impaired function and reduced number of NK cells 
in AML patients. Experimental ex vivo data highlighting defects in lytic synapse formation between 
primary AML blasts and NK cells support this assumption [91]. 
MEN1112/OBT357, a defucosylated, humanized, CD157-specific, monoclonal IgG1 has been 
generated and designed by Oxford BioTherapeutics (Oxford, UK) with the aim of overcoming the 
NK impairment in AML. There is a general consensus that ADCC is modulated by the N-linked 
glycosylation in the Fc region of the antibody. In particular, removal of the fucose at the conserved 
N-glycosylation site Asn297 in the CH2 domain of the Fc fragment has been shown to increase IgG1 Fc 
binding affinity to the FcγRIIIa present on immune effector cells, such as NK cells, leading to 
enhanced ADCC activity [92]. Defucosylation improves antibody affinity also for the low-affinity 
FcɣRIIIa variant, characterized by the presence of a phenylalanine (Phe) at the amino acid residue 
158 (F158). The relevance of the polymorphism of the FcɣRIIIa transmembrane protein in the clinical 
efficacy of therapeutic antibodies has been shown both for rituximab as well as for trastuzumab. As 
an example, patients with FcɣRIIIa homozygous genotype Val/Val or FcɣRIIIa heterozygous 
genotype Val/Phe received greater benefit from trastuzumab treatment than patients with 
homozygous genotype Phe/Phe [93]. 
Of note, preclinical and clinical data with different defucosylated antibodies (some of which 
received FDA approval for marketing) showed that this approach can generate safe and effective 
compounds [94]. Currently, three defucosylated antibodies (e.g., obinutuzumab, benralizumab, and 
mogamulizumab) are approved for different indications, and more than twenty additional 
defucosylated antibodies are in various stages of clinical development for the treatment of different 
diseases ranging from cancer to respiratory and autoimmune diseases. 
MEN1112/OBT357 is characterized by high affinity for both the CD157 glycoprotein expressed 
by AML cells, through the Fab region, and for the FcɣRIIIa receptor, through the Fc region, which 
warrant stronger ADCC in vitro, compared to its parental non-defucosylated analogue [73]. 
Although animal models have been the basic translational model in the preclinical setting to 
evaluate novel therapeutic anticancer drugs before clinical testing, they proved elusive for AML 
[95,96]. Indeed, AML in vivo mouse models fail to reproduce AML clonal heterogeneity, and murine 
effector cells number and function may substantially differ from those occurring in AML patients. 
Even in mice reconstituted with PBMCs from human healthy donors, the impairment of effector cells 
occurring in the disease is underestimated. Therefore, in AML, ex vivo studies are considered more 
informative than those in animal models to evaluate the therapeutic properties of monoclonal 
antibodies mainly acting through ADCC. 
Accordingly, the ex vivo sensitivity assay was considered a pharmacologically and clinically 
appropriate model to evaluate the preclinical efficacy of MEN1112/OBT357. This antibody 
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demonstrated potent ADCC activity in an autologous setting of primary AML blood and bone 
marrow samples compared to healthy donor blood samples, regardless of the FcɣRIIIa 
polymorphism, and appreciable even at low target/effectors ratio. In this experimental condition, 
shedding of CD157 evaluated in patient sera was negligible and easily saturated at clinically relevant 
concentrations [97]. 
Moreover, safety and pharmacokinetics studies of MEN1112/OBT357 in non-human primates, 
the only informative animal model, showed an acceptable toxicological profile and established a half-
life of approximately two weeks. In addition, the low immunogenicity of MEN1112/OBT357, 
although demonstrated in the non-clinical assessment, allowed a consistent exposure of non-human 
primates to the therapeutic antibody and, consequently, an appropriate evaluation of the non-clinical 
safety [97,98]. 
Altogether, the pre-clinical pharmacology, pharmacokinetics, immunogenicity and toxicology 
profiles supported the clinical development of MEN1112/OBT357. The ARMY-1 first-in-human 
clinical trial is currently ongoing, and consists in a dose escalation and in a cohort expansion phase, 
recruiting relapsed or refractory AML patients (NCT02353143). 
Since more than 70% of AML express CD38, perhaps daratumumab (approved for use in 
multiple myeloma) can also be used in AML [87]. A phase II clinical trial is ongoing at MD Anderson 
Cancer Center evaluating the efficacy of daratumumab as a monotherapy for refractory/relapsed 
AML (NCT 03067571), while Ohio State University is evaluating its effectiveness in combination with 
donor leukocyte infusions for AML patients who have relapsed after allogeneic hematopoietic stem 
cell transplant (NCT 03537599). A study of Isatuximab (another anti-CD38 antibody [99]) recently 
opened a phase I/II trial for pediatric patients with refractory/relapsed AML and ALL for use with 
combination chemotherapy (NCT 03860844). 
9. Conclusion and Perspectives 
In this review, we have discussed the basic knowledge of human CD157 addressing its role in 
the immune system where, besides being a myeloid cell surface marker, it has a central role in the 
interaction between cells and the extracellular matrix. This interaction is instrumental for CD157 to 
exert its multiple receptor functions. In addition, we focused on acute myeloid leukemia where 
CD157 is consistently expressed throughout the course of the disease and, in some instances, it might 
directly contribute to leukemia maintenance and drug sensitivity. However, several unaddressed 
issues remain, including the relationship between enzymatic activities and receptor functions of 
CD157 in specific physiological and pathological scenarios. The emerging picture is that CD157 may 
represent a candidate target for novel therapeutic strategies in acute myeloid leukemia. However, 
like all therapeutic targets in advanced stages of development in AML, CD157 is not only expressed 
in leukemic cells but also in normal mature and immature myeloid cells and in vascular endothelial 
cells, possibly causing undesirable side-effects. Hence, optimization of the clinical use of CD157-
specific immunotherapies could be challenging. Gemtuzumab ozogamicin is the best-studied 
therapeutic antibody in AML and much can be learned from its history of accelerated approval, 
withdrawal, and re-approval [100]. 
Author Contributions: A.F., E.F. and E.O. conceived the review; M.B. and A.F. wrote the manuscript; Y.Y., S.A., 
G.F., C.B., and S.P. performed experiments reported in paragraph 7 and generated the figures; M.B., D.B., A.P., 
E.F., and A.F. reviewed the manuscript. 
Funding: This work was supported by grants from the Italian Association for Cancer Research (AIRC, IG. 15968 
to A.F.), from the Italian Ministry for University and Scientific Research (60% Projects 2015-2017 to A.F. and 
E.O.), and by Fondazione CRT-2017, Torino, Italy (to E.O.). Y.Y. is a student of the PhD Program in Biomedical 
Sciences and Oncology, University of Torino, Italy. We wish to acknowledge clinicians who provided AML 
patient samples: Prof. M. Massaia (Hematology Unit, ASO Santa Croce e Carle, Cuneo, Italy), Dr. S. D’Ardia and 
S. Aydin (Department of Oncology, Division of Hematology, AOU Città della Salute e della Scienza, Torino, 
Italy). 
Cells 2019, 8, 1580 11 of 16 
 
Conflicts of Interest: A.F. has received research support from Menarini Ricerche S.p.A.; MB, DB, and AP are 
employees of Menarini Ricerche S.p.A. that is developing MEN1112/OBT357 antibody for therapy. The 
remaining authors declare no conflict of interest. 
References 
1. Todd, R.F., 3rd; Roach, J.A.; Arnaout, M.A. The modulated expression of Mo5, a human myelomonocytic 
plasma membrane antigen. Blood 1985, 65, 964–973. 
2. Hishihara, K.; Okuyama, Y.; Lee, B.O.K.; Itoh, M.; Nishikawa, K.; and Hirano, T. CD15 (BST-1) workshop 
panel report. In Leukocyte Typing VI: White Cell Differentiation Antigens; Kishimoto, T., Kikutani, H., van dem 
Borne, A.E.G.K., Goyert, S.M., Ed.; Garland Publishing: New York, NY, USA, 1997; pp. 1086–1089. 
3. Ferrero, E.; Lo Buono, N.; Horenstein, A.L.; Funaro, A.; Malavasi, F. The ADP-ribosyl cyclases—The current 
evolutionary state of the ARCs. Front. Biosci. (Landmark Ed.) 2014, 19, 986–1002, doi:10.2741/4262. 
4. Ferrero, E.; Malavasi, F. Human CD38, a leukocyte receptor and ectoenzyme, is a member of a novel 
eukaryotic gene family of nicotinamide adenine dinucleotide+-converting enzymes: Extensive structural 
homology with the genes for murine bone marrow stromal cell antigen 1 and aplysian ADP-ribosyl cyclase. 
J. Immunol. 1997, 159, 3858–3865. 
5. Kaisho, T.; Ishikawa, J.; Oritani, K.; Inazawa, J.; Tomizawa, H.; Muraoka, O.; Ochi, T.; Hirano, T. BST-1, a 
surface molecule of bone marrow stromal cell lines that facilitates pre-B-cell growth. Proc. Natl. Acad. Sci. 
USA 1994, 91, 5325–5329, doi:10.1073/pnas.91.12.5325. 
6. Ferrero, E.; Lo Buono, N.; Morone, S.; Parrotta, R.; Mancini, C.; Brusco, A.; Giacomino, A.; Augeri, S.; Rosal-
Vela, A.; Garcia-Rodriguez, S.; et al. Human canonical CD157/Bst1 is an alternatively spliced isoform 
masking a previously unidentified primate-specific exon included in a novel transcript. Sci. Rep. 2017, 7, 
15923, doi:10.1038/s41598-017-16184-w. 
7. Satake, W.; Nakabayashi, Y.; Mizuta, I.; Hirota, Y.; Ito, C.; Kubo, M.; Kawaguchi, T.; Tsunoda, T.; Watanabe, 
M.; Takeda, A.; et al. Genome-wide association study identifies common variants at four loci as genetic risk 
factors for Parkinson’s disease. Nat. Genet. 2009, 41, 1303–1307, doi:10.1038/ng.485. 
8. Zhu, L.H.; Luo, X.G.; Zhou, Y.S.; Li, F.R.; Yang, Y.C.; Ren, Y.; Pang, H. Lack of association between three 
single nucleotide polymorphisms in the PARK9, PARK15, and BST1 genes and Parkinson’s disease in the 
northern Han Chinese population. Chin. Med. J. 2012, 125, 588–592, doi:10.3760/cma.j.issn.0366-
6999.2012.04.006. 
9. Foo, J.N.; Tan, L.C.; Irwan, I.D.; Au, W.L.; Low, H.Q.; Prakash, K.M.; Ahmad-Annuar, A.; Bei, J.; Chan, A.Y.; 
Chen, C.M.; et al. Genome-wide association study of Parkinson’s disease in East Asians. Hum. Mol. Genet. 
2017, 26, 226–232, doi:10.1093/hmg/ddw379. 
10. Simon-Sanchez, J.; Schulte, C.; Bras, J.M.; Sharma, M.; Gibbs, J.R.; Berg, D.; Paisan-Ruiz, C.; Lichtner, P.; 
Scholz, S.W.; Hernandez, D.G.; et al. Genome-wide association study reveals genetic risk underlying 
Parkinson’s disease. Nat. Genet. 2009, 41, 1308–1312, doi:10.1038/ng.487. 
11. Saad, M.; Lesage, S.; Saint-Pierre, A.; Corvol, J.C.; Zelenika, D.; Lambert, J.C.; Vidailhet, M.; Mellick, G.D.; 
Lohmann, E.; Durif, F.; et al. Genome-wide association study confirms BST1 and suggests a locus on 12q24 
as the risk loci for Parkinson’s disease in the European population. Hum. Mol. Genet. 2011, 20, 615–627, 
doi:10.1093/hmg/ddq497. 
12. Yokoyama, S.; Al Mahmuda, N.; Munesue, T.; Hayashi, K.; Yagi, K.; Yamagishi, M.; Higashida, H. 
Association study between the CD157/BST1 gene and autism spectrum disorders in a Japanese population. 
Brain Sci. 2015, 5, 188–200, doi:10.3390/brainsci5020188. 
13. Mo, W.; Liu, J.; Zhang, Z.; Yu, H.; Yang, A.; Qu, F.; Hu, P.; Liu, Z.; Hu, F. A study of single nucleotide 
polymorphisms in CD157, AIM2 and JARID2 genes in Han Chinese children with autism spectrum 
disorder. Nord. J. Psychiatry 2018, 72, 179–183, doi:10.1080/08039488.2017.1410570. 
14. Ceroni, F.; Sagar, A.; Simpson, N.H.; Gawthrope, A.J.; Newbury, D.F.; Pinto, D.; Francis, S.M.; Tessman, 
D.C.; Cook, E.H.; Monaco, A.P.; et al. A deletion involving CD38 and BST1 results in a fusion transcript in 
a patient with autism and asthma. Autism Res. 2014, 7, 254–263, doi:10.1002/aur.1365. 
15. Lopatina, O.; Yoshihara, T.; Nishimura, T.; Zhong, J.; Akther, S.; Fakhrul, A.A.; Liang, M.; Higashida, C.; 
Sumi, K.; Furuhara, K.; et al. Anxiety- and depression-like behavior in mice lacking the CD157/BST1 gene, 
a risk factor for Parkinson’s disease. Front. Behav. Neurosci. 2014, 8, 133, doi:10.3389/fnbeh.2014.00133. 
Cells 2019, 8, 1580 12 of 16 
 
16. Higashida, H.; Liang, M.; Yoshihara, T.; Akther, S.; Fakhrul, A.; Stanislav, C.; Nam, T.S.; Kim, U.H.; Kasai, 
S.; Nishimura, T.; et al. An immunohistochemical, enzymatic, and behavioral study of CD157/BST-1 as a 
neuroregulator. BMC Neurosci. 2017, 18, 35, doi:10.1186/s12868-017-0350-7. 
17. Goldstein, S.C.; Todd, R.F., 3rd. Structural and biosynthetic features of the Mo5 human myeloid 
differentiation antigen. Tissue Antigens 1993, 41, 214–218, doi:10.1111/j.1399-0039.1993.tb02007.x. 
18. Hussain, A.M.; Chang, C.F. Novel kinetics, behaviour and cell-type specificity of CD157-mediated tyrosine 
kinase signalling. Cell. Signal. 1999, 11, 891–897, doi:10.1016/S0898-6568(99)00057-1. 
19. Yamamoto-Katayama, S.; Sato, A.; Ariyoshi, M.; Suyama, M.; Ishihara, K.; Hirano, T.; Nakamura, H.; 
Morikawa, K.; Jingami, H. Site-directed removal of N-glycosylation sites in BST-1/CD157: Effects on 
molecular and functional heterogeneity. Biochem. J. 2001, 357, 385–392, doi:10.1042/0264-6021:3570385. 
20. Liang, F.; Qi, R.Z.; Chang, C.F. CD157 undergoes ligand-independent dimerization and colocalizes with 
caveolin in CHO and MCA102 fibroblasts. Cell. Signal. 2002, 14, 933–939, doi:10.1016/s0898-6568(02)00040-
2. 
21. Lee, B.O.; Ishihara, K.; Denno, K.; Kobune, Y.; Itoh, M.; Muraoka, O.; Kaisho, T.; Sasaki, T.; Ochi, T.; Hirano, 
T. Elevated levels of the soluble form of bone marrow stromal cell antigen 1 in the sera of patients with 
severe rheumatoid arthritis. Arthritis Rheum. 1996, 39, 629–637, doi:10.1002/art.1780390414. 
22. Augeri, S.; Capano, S.; Morone, S.; Fissolo, G.; Giacomino, A.; Peola, S.; Drace, Z.; Rapa, I.; Novello, S.; 
Volante, M.; et al. Soluble CD157 in pleural effusions: A complementary tool for the diagnosis of malignant 
mesothelioma. Oncotarget 2018, 9, 22785–22801, doi:10.18632/oncotarget.25237. 
23. Yang, Q.; Liao, M.; Wang, W.; Zhang, M.; Chen, Q.; Guo, J.; Peng, B.; Huang, J.; Liu, H.; Yahagi, A.; et al. 
CD157 confers host resistance to Mycobacterium tuberculosis via TLR2-CD157-PKCzeta-induced reactive 
oxygen species production. MBio 2019, 10, e01949-19, doi:10.1128/mBio.01949-19. 
24. Chauhan, S.; Danielson, S.; Clements, V.; Edwards, N.; Ostrand-Rosenberg, S.; Fenselau, C. Surface 
glycoproteins of exosomes shed by myeloid-derived suppressor cells contribute to function. J. Proteome Res. 
2017, 16, 238–246, doi:10.1021/acs.jproteome.6b00811. 
25. Greening, D.W.; Ji, H.; Chen, M.; Robinson, B.W.; Dick, I.M.; Creaney, J.; Simpson, R.J. Secreted primary 
human malignant mesothelioma exosome signature reflects oncogenic cargo. Sci. Rep. 2016, 6, 32643, 
doi:10.1038/srep32643. 
26. Ortolan, E.; Vacca, P.; Capobianco, A.; Armando, E.; Crivellin, F.; Horenstein, A.; Malavasi, F. CD157, the 
Janus of CD38 but with a unique personality. Cell Biochem. Funct. 2002, 20, 309–322, doi:10.1002/cbf.978. 
27. Hernandez-Campo, P.M.; Almeida, J.; Matarraz, S.; de Santiago, M.; Sanchez, M.L.; Orfao, A. Quantitative 
analysis of the expression of glycosylphosphatidylinositol-anchored proteins during the maturation of 
different hematopoietic cell compartments of normal bone marrow. Cytom. B Clin. Cytom. 2007, 72, 34–42, 
doi:10.1002/cyto.b.20143. 
28. Zoller, M. Janus-faced myeloid-derived suppressor cell exosomes for the good and the bad in cancer and 
autoimmune disease. Front. Immunol. 2018, 9, 137, doi:10.3389/fimmu.2018.00137. 
29. De Veirman, K.; Van Valckenborgh, E.; Lahmar, Q.; Geeraerts, X.; De Bruyne, E.; Menu, E.; Van Riet, I.; 
Vanderkerken, K.; Van Ginderachter, J.A. Myeloid-derived suppressor cells as therapeutic target in 
hematological malignancies. Front. Oncol. 2014, 4, 349, doi:10.3389/fonc.2014.00349. 
30. Hernandez-Campo, P.M.; Almeida, J.; Sanchez, M.L.; Malvezzi, M.; Orfao, A. Normal patterns of 
expression of glycosylphosphatidylinositol-anchored proteins on different subsets of peripheral blood 
cells: A frame of reference for the diagnosis of paroxysmal nocturnal hemoglobinuria. Cytom. B Clin. Cytom. 
2006, 70, 71–81, doi:10.1002/cyto.b.20087. 
31. Okuyama, Y.; Ishihara, K.; Kimura, N.; Hirata, Y.; Sato, K.; Itoh, M.; Ok, L.B.; Hirano, T. Human BST-1 
expressed on myeloid cells functions as a receptor molecule. Biochem. Biophys. Res. Commun. 1996, 228, 838–
845, doi:10.1006/bbrc.1996.1741. 
32. Smirnov, D.A.; Foulk, B.W.; Doyle, G.V.; Connelly, M.C.; Terstappen, L.W.; O’Hara, S.M. Global gene 
expression profiling of circulating endothelial cells in patients with metastatic carcinomas. Cancer Res. 2006, 
66, 2918–2922, doi:10.1158/0008-5472.CAN-05-4003. 
33. Ortolan, E.; Augeri, S.; Fissolo, G.; Musso, I.; Funaro, A. CD157: From immunoregulatory protein to 
potential therapeutic target. Immunol. Lett. 2019, 205, 59–64, doi:10.1016/j.imlet.2018.06.007. 
34. Taylor, R.T.; Patel, S.R.; Lin, E.; Butler, B.R.; Lake, J.G.; Newberry, R.D.; Williams, I.R. Lymphotoxin-
independent expression of TNF-related activation-induced cytokine by stromal cells in cryptopatches, 
Cells 2019, 8, 1580 13 of 16 
 
isolated lymphoid follicles, and Peyer’s patches. J. Immunol. 2007, 178, 5659–5667, 
doi:10.4049/jimmunol.178.9.5659. 
35. Wu, T.J.; Tzeng, Y.K.; Chang, W.W.; Cheng, C.A.; Kuo, Y.; Chien, C.H.; Chang, H.C.; Yu, J. Tracking the 
engraftment and regenerative capabilities of transplanted lung stem cells using fluorescent nanodiamonds. 
Nat. Nanotechnol. 2013, 8, 682–689, doi:10.1038/nnano.2013.147. 
36. Horenstein, A.L.; Sizzano, F.; Lusso, R.; Besso, F.G.; Ferrero, E.; Deaglio, S.; Corno, F.; Malavasi, F. CD38 
and CD157 ectoenzymes mark cell subsets in the human corneal limbus. Mol. Med. 2009, 15, 76–84, 
doi:10.2119/molmed.2008.00108. 
37. Wakabayashi, T.; Naito, H.; Suehiro, J.I.; Lin, Y.; Kawaji, H.; Iba, T.; Kouno, T.; Ishikawa-Kato, S.; Furuno, 
M.; Takara, K.; et al. CD157 marks tissue-resident endothelial stem cells with homeostatic and regenerative 
properties. Cell Stem Cell 2018, 22, 384–397 e386, doi:10.1016/j.stem.2018.01.010. 
38. Iba, T.; Naito, H.; Shimizu, S.; Rahmawati, F.N.; Wakabayashi, T.; Takakura, N. Isolation of tissue-resident 
endothelial stem cells and their use in regenerative medicine. Inflamm. Regen. 2019, 39, 9, 
doi:10.1186/s41232-019-0098-9. 
39. Chosa, N.; Ishisaki, A. Two novel mechanisms for maintenance of stemness in mesenchymal stem cells: 
SCRG1/BST1 axis and cell-cell adhesion through N-cadherin. Jpn. Dent. Sci. Rev. 2018, 54, 37–44, 
doi:10.1016/j.jdsr.2017.10.001. 
40. Yilmaz, O.H.; Katajisto, P.; Lamming, D.W.; Gultekin, Y.; Bauer-Rowe, K.E.; Sengupta, S.; Birsoy, K.; 
Dursun, A.; Yilmaz, V.O.; Selig, M.; et al. mTORC1 in the Paneth cell niche couples intestinal stem-cell 
function to calorie intake. Nature 2012, 486, 490–495, doi:10.1038/nature11163. 
41. Hussain, A.M.; Lee, H.C.; Chang, C.F. Modulation of CD157 expression in multi-lineage myeloid 
differentiation of promyelocytic cell lines. Eur. J. Cell Biol. 2000, 79, 697–706, doi:10.1078/0171-9335-00099. 
42. Ortolan, E.; Arisio, R.; Morone, S.; Bovino, P.; Lo-Buono, N.; Nacci, G.; Parrotta, R.; Katsaros, D.; Rapa, I.; 
Migliaretti, G.; et al. Functional role and prognostic significance of CD157 in ovarian carcinoma. J. Natl. 
Cancer Inst. 2010, 105, 1160–1177, doi:10.1093/jnci/djq256. 
43. Lo Buono, N.; Morone, S.; Giacomino, A.; Parrotta, R.; Ferrero, E.; Malavasi, F.; Ortolan, E.; Funaro, A. 
CD157 at the intersection between leukocyte trafficking and epithelial ovarian cancer invasion. Front. Biosci. 
(Landmark Ed.) 2014, 19, 366–378, doi:10.2741/4213. 
44. Morone, S.; Lo Buono, N.; Parrotta, R.; Giacomino, A.; Nacci, G.; Brusco, A.; Larionov, A.; Ostano, A.; Mello-
Grand, M.; Chiorino, G.; et al. Overexpression of CD157 contributes to epithelial ovarian cancer progression 
by promoting mesenchymal differentiation. PLoS ONE 2012, 7, e43649, doi:10.1371/journal.pone.0043649. 
45. Ortolan, E.; Giacomino, A.; Martinetto, F.; Morone, S.; Lo Buono, N.; Ferrero, E.; Scagliotti, G.; Novello, S.; 
Orecchia, S.; Ruffini, E.; et al. CD157 enhances malignant pleural mesothelioma aggressiveness and predicts 
poor clinical outcome. Oncotarget 2014, 5, 6191–6205, doi:10.18632/oncotarget.2186. 
46. Lee, H.C. Cyclic ADP-ribose and nicotinic acid adenine dinucleotide phosphate (NAADP) as messengers 
for calcium mobilization. J. Biol. Chem. 2012, 287, 31633–31640, doi:10.1074/jbc.R112.349464. 
47. Kaisho, T.; Oritani, K.; Ishikawa, J.; Tanabe, M.; Muraoka, O.; Ochi, T.; Hirano, T. Human bone marrow 
stromal cell lines from myeloma and rheumatoid arthritis that can support murine pre-B cell growth. J. 
Immunol. 1992, 149, 4088–4095. 
48. Hirata, Y.; Kimura, N.; Sato, K.; Ohsugi, Y.; Takasawa, S.; Okamoto, H.; Ishikawa, J.; Kaisho, T.; Ishihara, 
K.; Hirano, T. ADP ribosyl cyclase activity of a novel bone marrow stromal cell surface molecule, BST-1. 
FEBS Lett. 1994, 356, 244–248, doi:10.1016/0014-5793(94)01279-2. 
49. Yamamoto-Katayama, S.; Ariyoshi, M.; Ishihara, K.; Hirano, T.; Jingami, H.; Morikawa, K. Crystallographic 
studies on human BST-1/CD157 with ADP-ribosyl cyclase and NAD glycohydrolase activities. J. Mol. Biol. 
2002, 316, 711–723, doi:10.1006/jmbi.2001.5386. 
50. Podesta, M.; Benvenuto, F.; Pitto, A.; Figari, O.; Bacigalupo, A.; Bruzzone, S.; Guida, L.; Franco, L.; Paleari, 
L.; Bodrato, N.; et al. Concentrative uptake of cyclic ADP-ribose generated by BST-1+ stroma stimulates 
proliferation of human hematopoietic progenitors. J. Biol. Chem. 2005, 280, 5343–5349, 
doi:10.1074/jbc.M408085200. 
51. Liang, F.; Qi, R.Z.; Chang, C.F. Signalling of GPI-anchored CD157 via focal adhesion kinase in MCA102 
fibroblasts. FEBS Lett. 2001, 506, 207–210, doi:10.1016/s0014-5793(01)02912-x. 
52. Todd, R.F., 3rd. Functional evaluation of myeloid antibodies. In Leukocyte Typing V; Schlossman, S.F., 
Boumsell, L., Gilks, W., Eds.; Oxford University Press, Oxford, UK: 1995; pp. 991–1093. 
Cells 2019, 8, 1580 14 of 16 
 
53. Funaro, A.; Ortolan, E.; Ferranti, B.; Gargiulo, L.; Notaro, R.; Luzzatto, L.; Malavasi, F. CD157 is an 
important mediator of neutrophil adhesion and migration. Blood 2004, 104, 4269–4278. 
54. Ortolan, E.; Tibaldi, E.V.; Ferranti, B.; Lavagno, L.; Garbarino, G.; Notaro, R.; Luzzatto, L.; Malavasi, F.; 
Funaro, A. CD157 plays a pivotal role in neutrophil transendothelial migration. Blood 2006, 108, 4214–4222, 
doi:10.1182/blood-2004-06-2129. 
55. Funaro, A.; Ortolan, E.; Bovino, P.; Lo Buono, N.; Nacci, G.; Parrotta, R.; Ferrero, E.; Malavasi, F. 
Ectoenzymes and innate immunity: The role of human CD157 in leukocyte trafficking. Front. Biosci. 
(Landmark Ed.) 2009, 14, 929–943, doi:10.2741/3287. 
56. Lavagno, L.; Ferrero, E.; Ortolan, E.; Malavasi, F.; Funaro, A. CD157 is part of a supramolecular complex 
with CD11b/CD18 on the human neutrophil cell surface. J. Biol. Regul. Homeost. Agents 2007, 21, 5–11. 
57. Lo Buono, N.; Parrotta, R.; Morone, S.; Bovino, P.; Nacci, G.; Ortolan, E.; Horenstein, A.L.; Inzhutova, A.; 
Ferrero, E.; Funaro, A. The CD157-integrin partnership controls transendothelial migration and adhesion 
of human monocytes. J. Biol. Chem. 2011, 286, 18681–18691, doi:10.1074/jbc.M111.227876. 
58. Aomatsu, E.; Takahashi, N.; Sawada, S.; Okubo, N.; Hasegawa, T.; Taira, M.; Miura, H.; Ishisaki, A.; Chosa, 
N. Novel SCRG1/BST1 axis regulates self-renewal, migration, and osteogenic differentiation potential in 
mesenchymal stem cells. Sci. Rep. 2014, 4, 3652, doi:10.1038/srep03652. 
59. Morone, S.; Augeri, S.; Cuccioloni, M.; Mozzicafreddo, M.; Angeletti, M.; Lo Buono, N.; Giacomino, A.; 
Ortolan, E.; Funaro, A. Binding of CD157 protein to fibronectin regulates cell adhesion and spreading. J. 
Biol. Chem. 2014, 289, 15588–15601, doi:10.1074/jbc.M113.535070. 
60. Inoue, M.; Yamada, J.; Aomatsu-Kikuchi, E.; Satoh, K.; Kondo, H.; Ishisaki, A.; Chosa, N. SCRG1 suppresses 
LPS-induced CCL22 production through ERK1/2 activation in mouse macrophage Raw264.7 cells. Mol. 
Med. Rep. 2017, 15, 4069–4076, doi:10.3892/mmr.2017.6492. 
61. Ishihara, K.; Hirano, T. BST-1/CD157 regulates the humoral immune responses in vivo. Chem. Immunol. 
2000, 75, 235–255, doi:10.1159/000058772. 
62. Ishihara, K.; Kobune, Y.; Okuyama, Y.; Itoh, M.; Lee, B.O.; Muraoka, O.; Hirano, T. Stage-specific expression 
of mouse BST-1/BP-3 on the early B and T cell progenitors prior to gene rearrangement of antigen receptor. 
Int. Immunol. 1996, 8, 1395–1404, doi:10.1093/intimm/8.9.1395. 
63. McNagny, K.M.; Cazenave, P.A.; Cooper, M.D. BP-3 alloantigen. A cell surface glycoprotein that marks 
early B lineage cells and mature myeloid lineage cells in mice. J. Immunol. 1988, 141, 2551–2556. 
64. Vicari, A.P.; Bean, A.G.; Zlotnik, A. A role for BP-3/BST-1 antigen in early T cell development. Int. Immunol. 
1996, 8, 183–191, doi:10.1093/intimm/8.2.183. 
65. Revilla, I.D.R.; Bilic, I.; Vilagos, B.; Tagoh, H.; Ebert, A.; Tamir, I.M.; Smeenk, L.; Trupke, J.; Sommer, A.; 
Jaritz, M.; et al. The B-cell identity factor Pax5 regulates distinct transcriptional programmes in early and 
late B lymphopoiesis. EMBO J. 2012, 31, 3130–3146, doi:10.1038/emboj.2012.155. 
66. Schebesta, A.; McManus, S.; Salvagiotto, G.; Delogu, A.; Busslinger, G.A.; Busslinger, M. Transcription 
factor Pax5 activates the chromatin of key genes involved in B cell signaling, adhesion, migration, and 
immune function. Immunity 2007, 27, 49–63, doi:10.1016/j.immuni.2007.05.019. 
67. Seki, M.; Fairchild, S.; Rosenwasser, O.A.; Tada, N.; Tomonari, K. An immature rat lymphocyte marker 
CD157: Striking differences in the expression between mice and rats. Immunobiology 2001, 203, 725–742, 
doi:10.1016/S0171-2985(01)80002-4. 
68. Itoh, M.; Ishihara, K.; Hiroi, T.; Lee, B.O.; Maeda, H.; Iijima, H.; Yanagita, M.; Kiyono, H.; Hirano, T. 
Deletion of bone marrow stromal cell antigen-1 (CD157) gene impaired systemic thymus independent-2 
antigen-induced IgG3 and mucosal TD antigen-elicited IgA responses. J. Immunol. 1998, 161, 3974–3983. 
69. Sezgin, E.; Levental, I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition, 
regulation and roles of lipid rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361–374, doi:10.1038/nrm.2017.16. 
70. Mirkowska, P.; Hofmann, A.; Sedek, L.; Slamova, L.; Mejstrikova, E.; Szczepanski, T.; Schmitz, M.; Cario, 
G.; Stanulla, M.; Schrappe, M.; et al. Leukemia surfaceome analysis reveals new disease-associated features. 
Blood 2013, 121, e149–e159, doi:10.1182/blood-2012-11-468702. 
71. Dohner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute myeloid leukemia. N. Engl. J. Med. 2015, 373, 1136–1152, 
doi:10.1056/NEJMra1406184. 
72. Ferrara, F.; Lessi, F.; Vitagliano, O.; Birkenghi, E.; Rossi, G. Current therapeutic results and treatment 
options for older patients with relapsed acute myeloid leukemia. Cancers 2019, 11, 224, 
doi:10.3390/cancers11020224. 
Cells 2019, 8, 1580 15 of 16 
 
73. Krupka, C.; Lichtenegger, F.S.; Kohnke, T.; Bogeholz, J.; Bucklein, V.; Roiss, M.; Altmann, T.; Do, T.U.; 
Dusek, R.; Wilson, K.; et al. Targeting CD157 in AML using a novel, Fc-engineered antibody construct. 
Oncotarget 2017, 8, 35707–35717, doi:10.18632/oncotarget.16060. 
74. Dohner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Buchner, T.; Dombret, H.; Ebert, B.L.; 
Fenaux, P.; Larson, R.A.; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations 
from an international expert panel. Blood 2017, 129, 424–447, doi:10.1182/blood-2016-08-733196. 
75. Behrmann, L.; Wellbrock, J.; Fiedler, W. Acute myeloid leukemia and the bone marrow niche-take a closer 
look. Front. Oncol. 2018, 8, 444, doi:10.3389/fonc.2018.00444. 
76. Calvi, L.M.; Link, D.C. The hematopoietic stem cell niche in homeostasis and disease. Blood 2015, 126, 2443–
2451, doi:10.1182/blood-2015-07-533588. 
77. Wang, A.; Zhong, H. Roles of the bone marrow niche in hematopoiesis, leukemogenesis, and chemotherapy 
resistance in acute myeloid leukemia. Hematology 2018, 23, 729–739, doi:10.1080/10245332.2018.1486064. 
78. Medyouf, H. The microenvironment in human myeloid malignancies: Emerging concepts and therapeutic 
implications. Blood 2017, 129, 1617–1626, doi:10.1182/blood-2016-11-696070. 
79. Karantanou, C.; Godavarthy, P.S.; Krause, D.S. Targeting the bone marrow microenvironment in acute 
leukemia. Leuk Lymphoma 2018, 59, 2535–2545, doi:10.1080/10428194.2018.1434886. 
80. Mendez-Ferrer, S.; Michurina, T.V.; Ferraro, F.; Mazloom, A.R.; Macarthur, B.D.; Lira, S.A.; Scadden, D.T.; 
Ma’ayan, A.; Enikolopov, G.N.; Frenette, P.S. Mesenchymal and haematopoietic stem cells form a unique 
bone marrow niche. Nature 2010, 466, 829–834, doi:10.1038/nature09262. 
81. Quarona, V.; Ferri, V.; Chillemi, A.; Bolzoni, M.; Mancini, C.; Zaccarello, G.; Roato, I.; Morandi, F.; 
Marimpietri, D.; Faccani, G.; et al. Unraveling the contribution of ectoenzymes to myeloma life and survival 
in the bone marrow niche. Ann. N.Y. Acad. Sci. 2014, 1335, 10–22, doi:10.1111/nyas.12485. 
82. Suenaga, F.; Ueha, S.; Abe, J.; Kosugi-Kanaya, M.; Wang, Y.; Yokoyama, A.; Shono, Y.; Shand, F.H.; 
Morishita, Y.; Kunisawa, J.; et al. Loss of lymph node fibroblastic reticular cells and high endothelial cells 
is associated with humoral immunodeficiency in mouse graft-versus-host disease. J. Immunol. 2015, 194, 
398–406, doi:10.4049/jimmunol.1401022. 
83. Shimaoka, Y.; Attrep, J.F.; Hirano, T.; Ishihara, K.; Suzuki, R.; Toyosaki, T.; Ochi, T.; Lipsky, P.E. Nurse-like 
cells from bone marrow and synovium of patients with rheumatoid arthritis promote survival and enhance 
function of human B cells. J. Clin. Investig. 1998, 102, 606–618. 
84. Meads, M.B.; Gatenby, R.A.; Dalton, W.S. Environment-mediated drug resistance: A major contributor to 
minimal residual disease. Nat. Rev. 2009, 9, 665–674, doi:10.1038/nrc2714. 
85. Lichtenegger, F.S.; Krupka, C.; Haubner, S.; Kohnke, T.; Subklewe, M. Recent developments in 
immunotherapy of acute myeloid leukemia. J. Hematol. Oncol. 2017, 10, 142, doi:10.1186/s13045-017-0505-0. 
86. Williams, B.A.; Law, A.; Hunyadkurti, J.; Desilets, S.; Leyton, J.V.; Keating, A. Antibody therapies for acute 
myeloid leukemia: Unconjugated, toxin-conjugated, radio-conjugated and multivalent formats. J. Clin. 
Med. 2019, 8, 1261, doi:10.3390/jcm8081261. 
87. Naik, J.; Themeli, M.; de Jong-Korlaar, R.; Ruiter, R.W.J.; Poddighe, P.J.; Yuan, H.; de Bruijn, J.D.; 
Ossenkoppele, G.J.; Zweegman, S.; Smit, L.; et al. CD38 as a therapeutic target for adult acute myeloid 
leukemia and T-cell acute lymphoblastic leukemia. Haematologica 2019, 104, e100–e103, 
doi:10.3324/haematol.2018.192757. 
88. Tipton, T.R.; Roghanian, A.; Oldham, R.J.; Carter, M.J.; Cox, K.L.; Mockridge, C.I.; French, R.R.; Dahal, L.N.; 
Duriez, P.J.; Hargreaves, P.G.; et al. Antigenic modulation limits the effector cell mechanisms employed by 
type I anti-CD20 monoclonal antibodies. Blood 2015, 125, 1901–1909, doi:10.1182/blood-2014-07-588376. 
89. Parisi, S.; Lecciso, M.; Ocadlikova, D.; Salvestrini, V.; Ciciarello, M.; Forte, D.; Corradi, G.; Cavo, M.; Curti, 
A. The more, the better: “Do the right thing” for natural killer immunotherapy in acute myeloid leukemia. 
Front. Immunol. 2017, 8, 1330, doi:10.3389/fimmu.2017.01330. 
90. Guillerey, C.; Huntington, N.D.; Smyth, M.J. Targeting natural killer cells in cancer immunotherapy. Nat. 
Immunol. 2016, 17, 1025–1036, doi:10.1038/ni.3518. 
91. Khaznadar, Z.; Henry, G.; Setterblad, N.; Agaugue, S.; Raffoux, E.; Boissel, N.; Dombret, H.; Toubert, A.; 
Dulphy, N. Acute myeloid leukemia impairs natural killer cells through the formation of a deficient 
cytotoxic immunological synapse. Eur. J. Immunol. 2014, 44, 3068–3080, doi:10.1002/eji.201444500. 
92. Shields, R.L.; Lai, J.; Keck, R.; O’Connell, L.Y.; Hong, K.; Meng, Y.G.; Weikert, S.H.; Presta, L.G. Lack of 
fucose on human IgG1 N-linked oligosaccharide improves binding to human Fcgamma RIII and antibody-
dependent cellular toxicity. J. Biol. Chem. 2002, 277, 26733–26740, doi:10.1074/jbc.M202069200. 
Cells 2019, 8, 1580 16 of 16 
 
93. Gavin, P.G.; Song, N.; Kim, S.R.; Lipchik, C.; Johnson, N.L.; Bandos, H.; Finnigan, M.; Rastogi, P.; 
Fehrenbacher, L.; Mamounas, E.P.; et al. Association of polymorphisms in FCGR2A and FCGR3A with 
degree of Trastuzumab benefit in the adjuvant treatment of ERBB2/HER2-positive breast cancer: Analysis 
of the NSABP B-31 trial. JAMA Oncol. 2017, 3, 335–341, doi:10.1001/jamaoncol.2016.4884. 
94. Pereira, N.A.; Chan, K.F.; Lin, P.C.; Song, Z. The “less-is-more” in therapeutic antibodies: Afucosylated 
anti-cancer antibodies with enhanced antibody-dependent cellular cytotoxicity. MAbs 2018, 10, 693–711, 
doi:10.1080/19420862.2018.1466767. 
95. Mak, I.W.; Evaniew, N.; Ghert, M. Lost in translation: Animal models and clinical trials in cancer treatment. 
Am. J. Transl. Res. 2014, 6, 114–118. 
96. Swords, R.T.; Azzam, D.; Al-Ali, H.; Lohse, I.; Volmar, C.H.; Watts, J.M.; Perez, A.; Rodriguez, A.; Vargas, 
F.; Elias, R.; et al. Ex-vivo sensitivity profiling to guide clinical decision making in acute myeloid leukemia: 
A pilot study. Leuk. Res. 2018, 64, 34–41, doi:10.1016/j.leukres.2017.11.008. 
97. Venditti, A.; Breems, D.; Havelange, V.; Martinelli, G.; Baldini, S.; Binaschi, M.; Crea, A.; Leo, E.; Maggi, C.; 
Manzini, S.; et al. “ARMY”: First-in-human study of the humanized, defucosylated monoclonal antibody 
(mAb) MEN1112/OBT357 targeting CD157 antigen, in relapsed or refractory (R/R) acute myeloid leukemia 
(AML). J. Clin. Oncol. 2015, 33, TPS31, doi:10.1200/jco.2015.33.15_suppl.tps3100. 
98. van Meer, P.J.; Kooijman, M.; Brinks, V.; Gispen-de Wied, C.C.; Silva-Lima, B.; Moors, E.H.; Schellekens, 
H. Immunogenicity of mAbs in non-human primates during nonclinical safety assessment. MAbs 2013, 5, 
810–816, doi:10.4161/mabs.25234. 
99. van de Donk, N.; Richardson, P.G.; Malavasi, F. CD38 antibodies in multiple myeloma: Back to the future. 
Blood 2018, 131, 13–29, doi:10.1182/blood-2017-06-740944. 
100. Selby, C.; Yacko, L.R.; Glode, A.E. Gemtuzumab ozogamicin: Back again. J. Adv. Pract. Oncol. 2019, 10, 68–
82. 
 
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
